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Introduction
During mammalian embryogenesis, complex changes in gene expression are required for organ formation and development (1, 2) . These embryonic genetic programs have been studied intensively. However, mammalian development does not stop abruptly at birth; in postnatal life maturation continues in multiple organs (3, 4) . The genetic mechanisms required for postnatal development have received relatively little attention.
In particular, little is known about the mechanisms required to slow somatic growth postnatally. Mammalian body growth is rapid in early postnatal life, but then the growth rate slows, eventually declining toward zero, as the organism approaches its adult body size. This decline in growth rate is due primarily to a decrease in the rate of proliferation (5) . One clue regarding the underlying mechanism is that the growth deceleration in different organs appears to be coordinated temporally, evolutionarily, and conditionally. Growth of different organs is coordinated temporally in that all major organs grow rapidly in prenatal and early postnatal life, but then the growth rates decline toward zero with age. Growth of different organs is also coordinated evolutionarily. In small mammals, such as the mouse, this decline occurs over weeks whereas in larger mammals, such as the cow or human, the decline occurs over years, thus producing the greater body size. To maintain body proportions, growth of multiple organs must be modulated coordinately during evolution. Finally, growth of different organs is coordinated conditionally. Various growthinhibiting conditions, such as malnutrition, hypothyroidism, and growth hormone deficiency, each of which involve different mechanisms, appear to slow growth coordinately in multiple organs, although the magnitude of the growth inhibition in different organs is not uniform (6, 7) . Furthermore, if the growthinhibiting condition resolves, then the growth of multiple organs does not just return to a normal rate, but actually exceeds normal, a phenomenon known as catch-up growth (8) .
One possible explanation for coordinated growth of different organs is that growth deceleration might be orchestrated by a hormonal or other systemic mechanism. However, there is evidence that the temporal coordination of growth is not due to a systemic mechanism. For example, in the late adolescent human, as the somatic growth rate approaches zero, growth hormone levels and circulating IGF-I levels are higher than in the infant when growth is very rapid (9) . Nor do the levels of thyroid hormone, glucocorticoids, or other growth-regulating hormones change in a pattern that would account for this cessation of growth. Furthermore, transplantation experiments suggest that the growth rate of transplanted structures generally depends on the age of the donor animal, rather than the age of the recipient, again arguing against a hormonal or other systemic mechanism (10, 11) .
A second possible explanation for this coordination is that growth deceleration is directed by a program of gene expression that is common to multiple tissues. This putative, common mechanism might then be modulated by growth-regulating environmental conditions or genetically, through evolutionary changes, thus maintaining coordinate, proportional growth.
Based on this reasoning, we hypothesized that there would exist complex changes in gene expression during postnatal life. Some of these changes might be responsible for organ-specific maturation; these changes might be unique to each organ. In addition we hypothesized that there exists a more general gene expression program, occurring during early postnatal life, that is common to multiple organs and is responsible for coordinate somatic growth deceleration. To test this hypothesis, we performed microarray analysis to identify changes in gene expression during early postnatal life. We particularly focused our attention on genes that were up-or downregulated in multiple organs and thus are more likely to contribute to the putative common program of growth deceleration. Based on this analysis, we previously showed evidence that many of the genes in the Zac1 imprinted network (12) , including Mest, Peg3, and Igf2, are down-regulated at the mRNA level postnatally (13) . In the current study, we analyzed the microarray data more globally. We then performed in situ hybridization to determine which cells within the organs were expressing particular genes of interest. Finally, we asked whether the observed changes in gene expression were driven by time per se or by growth of the organs by determining whether growth retardation induced by hypothyroidism slowed these changes in gene expression.
Materials and Methods

Animal care
All animals were maintained and used in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council 2003) and received standard rodent chow (Zeigler Bros, Gardners, PA) and water ad libitum.
Mice
C57BL/6 male mice (Charles River Laboratories, Wilmington, MA) were killed by carbon dioxide asphyxiation at the ages of 1, 4, or 8 wks (n = 10 per group). These time points were selected to analyze the changes in gene expression that occur as somatic growth decelerates; growth in body mass is rapid at 1 wk, slower at 4 wks, and even slower at 8 wks of age (14) . Because we wished to focus on the mechanisms causing growth deceleration and not on the consequences of sex steroid action, mice killed at 4 and 8 wks were castrated at 3 wks of age (15) . Tail length, total body and organ mass were measured after sacrifice. The protocol was approved by the Animal Care and Use Committee, National Institute of Child Health and Human Development, National Institutes of Health.
Tissue collection and processing
After sacrifice, kidney, liver, heart, and lung were rapidly excised for processing. For RNA extraction, liver, heart, lung and kidney were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA) on ice and stored at -80°C. For in situ hybridization, tissue were rapidly removed and frozen on dry ice. Lungs were inflated via trachea with 5ml of Optimal Cutting Temperature Compound (OCT, Sakura Finetek USA, Torrance, CA) diluted 1:1 with PBS prior to freezing (16) .
RNA extraction and purification
Total RNA was extracted using TRIzol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA) followed by RNeasy Mini Kit purification (QIAGEN,Valencia,CA) according to the manufacturer's instructions. RNA concentration was determined by spectrophotometry at an absorbance of 260nm. All RNA samples had a 260/280 nm ratio between 1.9 and 2.1. RNA integrity was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies) and only high quality RNA (28S/18S > 1.8) was used for further analysis.
Microarray Analysis
Two μg RNA per sample was processed and analyzed by the NIDDK Core Facility at the National Institutes of Health. Affymetrix Mouse Genome 430 2.0 Array GeneChips (34,000 transcripts) were used (Affymetrix, Santa Clara, CA). Five chips were used for each organ (kidney, heart and lung) at each time point (1, 4, and 8 wks of age), except that an 8-wk time point was not performed in heart because proliferation of cardiac myocytes has ceased by 4 wks (17) . Each microarray chip was hybridized to labeled RNA derived from a single animal. Microarray signals were analyzed using the Affymetrix MAS5 algorithm. Up-and downregulated genes were selected based on P values of < 0.01 as assessed by ANOVA using Partek Pro software (Partek, St. Charles, MO).
Bioinformatic analysis
Ingenuity Pathways Analysis Software 5.0 (Ingenuity Systems Inc, Redwood City, CA) was used to identify canonical pathways that were regulated similarly in the three tissues. These pathways represent sets of genes that participate in a common well-defined biological function. The analysis included genes that showed either an increase or decrease in expression with P < 0.01 by ANOVA. Heat maps were then constructed using JMP 7 software (SAS Institute Inc., Cary, NC) to visualize changes in expression of genes participating in specific canonical pathways.
Real-time quantitative RT-PCR for mouse tissues
Real-time RT-PCR was used to assess specific mRNA levels at 1 week, 4 weeks, and 8 weeks in kidney, liver, lung, and heart (n = 5 animals per time point). Total RNA (100-200 ng) was reverse transcribed using Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions.
The resulting cDNA solution was diluted 10-25 times and stored at -20°C for later use. Quantitative real-time PCR was performed for paternally expressed 3 (Peg3), mesoderm specific transcript (Mest), insulin-like growth factor 2 (Igf2), SRY-box containing gene 4 (Sox4), and insulin-like growth 2 factor mRNA binding protein 3 (Igf2bp3) using the following assays containing primers and specific intronspanning FAM or VIC-labeled (18S rRNA) TaqMan probes (Applied Biosystems, Foster City, CA): Peg3, Mm01337379_m1; Igf2, Mm00439564_m1; Mest, Mm00484993_m1; Sox4, Mm00486317_s1; Igf2bp3, Mm00502742_m1; and 18S rRNA, 4319413E. Reactions were performed in triplicate on cDNA derived from each animal according to the manufacturer's instructions, using the ABI prism 7000 Sequence Detection System instrument (Applied Biosystems) according to the manufacturer's instructions. For Sox4, the primers did not span an intron. However, omission of reverse transcriptase from the procedure did not result in significant PCR amplification from genomic DNA (18, 19) . The relative quantity of each mRNA was calculated using the formula: Relative Expression = 2 -ΔCT x 10 6 , where CT represents the threshold cycle and ΔCT = (CT of gene of interest) -(CT of 18S rRNA). Values were multiplied by 10 6 for convenience of comparison (20) .
Generation of riboprobes for in situ hybridization
In situ hybridization was performed for Peg3, Mest, Igf2bp3, Igf2, and Sox4 in kidney, liver, lung, and heart. To generate templates for transcription of RNA probes, cDNA from 1-wk old mouse liver was amplified using Gene AmpliTaq Gold PCR Reagent Kit (Applied Biosystems) and primers (supplemental The cDNA was PCR amplified using 2720 Thermal Cycler (Applied Biosystems) at the following thermal cycling conditions: 95°C for 7 min, followed by 40 cycles of 95°C for 20 s, 55°C for 20 s, 72°C for 40 s, followed by a final hold of 72°C for 7 min. A second amplification was performed with the same parameters using 35 instead of 40 cycles. The PCR product was confirmed by a single band of the expected size by agarose gel electrophoresis.
Single stranded riboprobes for in situ hybridization were transcribed using In Vitro Transcription Systems (Promega, Madison, WI) incorporating α-
35
S UTP and α-35 S CTP (800 Ci/mmol, GE HealthCare, Piscataway, NJ). T7 polymerase was used for sense probes and Sp6 polymerase for antisense probes. Riboprobes were purified by Micro Bio-Spin Columns P-30 Tris RNase-free (Bio-Rad Laboratories, Hercules, CA). 35 S incorporation was assessed by comparing radioactivity before and after the column purification, by liquid scintillation counting.
In situ hybridization
In situ hybridization was performed using frozen sections hybridized to 35 S-labeled riboprobes as described by Zhou et al (22) . The sections were counterstained with hematoxylin and eosin. Silver grains were visualized by polarized epifluorescence microscopy combined with bright field microscopy. The corresponding sense riboprobe was used as a negative control for each antisense probe.
Hypothyroid rat model
Male Sprague-Dawley rats (Harlan, Indianapolis, IN) were made hypothyroid by introducing propylthiouracil (PTU), 1 g/L (Sigma-Aldrich, St. Louis, MO) at 1 day of age into the mother's drinking water (8, 23) . The PTU-containing water was changed twice per wk. PTU treatment was discontinued at 5 wks of age. The PTU-treated animals were not weaned during the experiment because preliminary studies showed that they were not mature enough to support their own nutritional needs. Untreated animals served as concurrent controls and were weaned at the age of 3 weeks. All rats were given depot leuprolide acetate (6 mg/kg, s.c., Tap Pharmaceuticals, Deerfield, IL) every 3 wks, starting at 3 wks of age. Leuprolide acetate is a long-acting gonadotropin-releasing hormone agonist that downregulates LH and FSH secretion and thus gonadal steroid production (18) . PTU-treated and control animals were killed at 5, 7, and 9 wks of age (n = 8-15 per group). Additional control animals were killed at 3 wks of age. Heart, liver, and kidney were obtained at sacrifice and frozen at -80ºC for later processing.
We chose to study rats because there was a well-established model of growth retardation using PTU in the juvenile rat (8, 23) . We were unable to find an equivalent model that had been previously validated using juvenile mice. The time points used for rats (3, 5, 7 , and 9 weeks of age) are similar to the time points used for mice (1, 4, and 8 weeks of age). Rats may mature slightly more slowly than mice in terms of age at birth (24, 25) and sexual maturation in males (26, 27) , though not in females (28, 29) .
Real-time quantitative RT-PCR for rat tissues
Real time RT-PCR was performed as described for mouse tissues except that the following assays (Applied Biosystems) were used:
Igf2, Rn01454118_m1; Mest, Rn01500324_ m1; Igf2bp3, Rn01410012_m1 and 18S rRNA, 4319413E. Custom assays were designed for Sox4 and Peg3. The assay IDs (Applied Biosystems) are: Rat Peg3 CDS-5x6, Rat Sox4 CD-ANY, part # 4332078 and Sales order # 2331931.
Results
Extensive changes in gene expression occur during the period of postnatal growth
In normal mice at 1, 4, and 8 weeks of age microarray analysis was used to identify temporal changes in gene expression, (defined by P < 0.01 at 1 vs 4-weeks of age, ANOVA) in kidney, lung, and heart.
More than 2000 genes were found to be significantly up-regulated with age in each organ and more than 2800 genes were found to be downregulated (Fig. 1) .
Many genes show a temporal pattern of expression that is common to multiple organs
The number of genes that were upregulated or downregulated in more than one organ was much higher than would be expected by chance if regulation in different organs were independent events. For each pair of organs, more than 800 genes were upregulated in both and more than 1500 genes were downregulated in both (P < 0.001, Pearson chi-square test, Fig.  1 A, B) . There was an even more striking tendency for concordant regulation in all three organs studied. 1207 genes were downregulated in all three organs (supplemental table 2) and 428 were upregulated in all three organs (supplemental table 3), again far more than would be expected by chance (P < 0.001). These findings suggest that there is an extensive program of gene expression common to multiple organs during the period of postnatal growth, in addition to the expected organ-specific changes.
We next examined changes in gene expression within specific recognized functional pathways as defined by Ingenuity Pathways Analysis software. In some of these pathways, particularly the G1/S checkpoint regulation pathway, G2/M DNA damage checkpoint regulation pathway, Sonic Hedgehog signaling , and Wnt/β-Catenin signaling, there was a similar pattern of temporal changes in the three organs studied, with a far greater number genes that were downregulated than upregulated with age ( Fig. 2) .
Igf2, Mest, Peg3, Sox4, and Igf2bp3 mRNA expression declines with age in multiple organs
We next focused our attention on genes that were up-or downregulated in all three organs and thus more likely to contribute to the putative common program of growth deceleration. Of the genes that were markedly downregulated in all three organs, we selected 5 representative genes for more detailed characterization. Three of these, paternally expressed 3 (Peg3), mesoderm specific transcript (Mest), and insulin-like growth factor 2 (Igf2) have been implicated in somatic growth regulation; targeted ablation of each produces prenatal growth retardation (30) (31) (32) (33) (34) (35) (36) . Thus, we reasoned that the observed decline in gene expression of these three genes during early postnatal life might contribute to the somatic growth deceleration that occurs postnatally. In contrast, the other two genes, SRY-box containing gene 4 (Sox4) and insulinlike growth 2 factor mRNA binding protein 3 (Igf2bp3) have not been implicated in growth regulation. Sox4 is required for normal embryonic formation of the heart (32). The physiological function of Igf2bp3 is not known; however, its expression reaches a peak at embryonic day 12 and then decreases markedly (32) (33) (34) , suggesting that it too functions primarily during embryonic development.
To better quantify the temporal changes in gene expression identified by microarray, we measured mRNA expression levels by real-time PCR in the three original organs studied and, additionally, in liver (Fig. 3) . From 1 to 4 weeks of age, Mest mRNA levels declined in kidney (23-fold, P < 0.001), lung (10-fold, P < 0.001), liver (13-fold, P < 0.001), and heart (13-fold, P < 0.002). From 4 to 8 weeks of age, Mest expression did not change significantly.
Declines in expression of Peg3, Igf2bp3, Igf2, and Sox4 were also observed in multiple organs with age (Fig. 3) . Thus, the real-time PCR results confirmed the marked declines in mRNA expression with age in kidney, lung, and heart. The fact that expression of all five genes also declined markedly in liver provides further evidence that the declines are part of a widespread genetic program occurring in many organs simultaneously.
Igf2, Mest, and Peg3 are expressed in parenchymal cells
We next considered the possibility that expression of these genes was declining in multiple organs because these genes were expressed primarily by a cell type common to multiple organs, for example, endothelial cells or stromal fibroblasts. To test this possibility, we performed in situ hybridization for each of these genes in kidney, liver, heart, and lung from 1week old mice.
We did not find that expression was restricted to cells that were common to multiple organs. Instead, expression was generally found in organ-specific parenchymal cells. For example, in liver, Mest was expressed by hepatocytes, showing a strong, inhomogeneous signal (signal intensity varied widely among different hepatocytes, Fig. 4 ). In kidney, Mest expression was particularly expressed in the glomeruli, and at lower levels in the tubular epithelium. In heart, Mest mRNA signal was located within cardiac myocytes, and in lung was found in pneumocytes (Fig. 4) .
Similarly, Igf2 signal was observed in all organs studied with the following distribution: in kidney, signal was found in the glomeruli, in liver in hepatocytes with a homogeneous pattern, in heart expression was primarily in endocardial cells lining cardiac valves (37) and in lung, expression was observed in pneumocytes (Fig.  4) .
Peg3 mRNA expression showed a similar distribution with signal observed in kidney, mainly in the glomeruli, in liver, mainly in hepatocytes, in heart in myocytes and endocardial cells covering cardiac valves, and in lung the signal was inhomogeneous and localized in pneumocytes (Fig. 4) . For each gene studied, a corresponding sense probe was used as negative control and showed only a low-level background pattern (Fig. 4) .
For Sox4 and Igf2bp3, we were unable to obtain a convincing signal by in situ hybridization, despite trying multiple different probes, presumably because mRNA expression levels are so much lower for these genes (data not shown).
The decrease in Peg3, Mest, and Igf2 expression is due to decreased expression per cell rather than a decrease in the number of expressing cells
We next asked whether the declines in expression levels for these genes represented a decrease in the average expression per cell or a decrease in the number of cells expressing the gene. If the second hypothesis were correct, then in situ hybridization at 4 weeks of age should have revealed a small number of cells that express the genes at high levels. However, this possibility was not supported by the data; at 4 weeks of age mRNA expression by in situ hybridization was uniformly low for all genes in all organs (data not shown). Therefore, the findings suggest that average expression per cell declines with age.
Hypothyroidism slows the decline in expression of Igf2, Peg3, and Mest
We next asked whether the observed changes in gene expression are a function of time per se or a function of growth. For growthregulating genes in particular, we hypothesized that the changes in expression might be driven by growth, not age. This hypothesis predicts that a period of growth inhibition would slow the observed changes in gene expression.
To test that prediction, we studied rats that had undergone a period of growth retardation caused by hypothyroidism, which had been induced by adding propylthiouracil to the drinking water of the mother beginning on the first day of life. At the end of the 5-week treatment period, organ weight was decreased in animals that had received PTU compared to control animals (kidney, 160 ± 3 vs. 552 ± 17 mg, mean ± SEM, P < 0.001; liver, 1230 ± 25 vs. 6630 ± 330 mg, P < 0.001; heart, 158 ± 4 vs. 598 ± 26 mg, P < 0.001) As expected, in control animals, which did not receive PTU, Igf2 mRNA levels declined significantly with age in all the organs studied: kidney, liver, and heart (each P < 0.001, Fig. 5 ). In animals that had previously received PTU, Igf2 mRNA expression during the recovery period (7-9 weeks of age), was increased relative to controls in all three organs: kidney (P < 0.001), liver (P = 0.02), and heart (P < 0.001, Fig. 5 ), consistent with the prediction that growth retardation by PTU slowed the programmed decline in gene expression. At 5 weeks of age, the mRNA levels might reflect not only this maturational delay but also the effects of concurrent hypothyroidism, and, indeed, the net effect on expression, compared to control animals, was variable (Fig. 5) .
Similarly, Mest mRNA levels in control animals declined significantly with age in the kidney (P < 0.001) and liver (P < 0.001) (Fig.  5) . In heart, mRNA levels changed significantly with age but did not show a simple, progressive decline. Although this difference from the findings in the mouse heart could be related to species differences between rats and mice, we think it more likely reflects the fact that the mouse findings included data from 1 week of age which may have helped detect early declines in expression. For the two organs in which Mest expression declined with age in control rats, PTU caused an apparent delay in this decline: kidney (P < 0.001) and liver (P = 0.001) (Fig.  5) .
Peg3 mRNA levels showed a similar pattern of regulation. In control animals, mRNA levels declined significantly with age in kidney (P < 0.001) and heart (P < 0.001), but not liver (Fig. 5) . For the two organs in which Peg3 expression declined with age in control animals, PTU caused an apparent delay in this decline: kidney (P = 0.01) and heart (P = 0.03) (Fig. 5) .
This general pattern of decline with age in control animals and delayed decline in animals that previously received PTU, was not observed consistently for Igf2bp3 or Sox4 (Fig. 5) , the two genes that we studied but have not been implicated in growth regulation. For Igf2bp3, this pattern was observed only in kidney, and for Sox4 in none of the organs studied.
Discussion
Using expression microarray analysis we found that extensive changes in gene expression occur with age in mice during the period of postnatal growth. In each of the organs studied, kidney, lung, and heart, more than 2000 genes were found to be significantly upregulated with age and more than 2800 genes downregulated. The number of genes that were regulated coordinately in all three organs was strikingly high, with 1207 genes downregulated in all three organs and 428 upregulated in all three organs, far more overlap than would be expected by chance, suggesting that there is an extensive program of gene expression common to multiple organs during postnatal growth, in addition to the expected tissue-specific changes. The common program included genes involved in regulating G1/S and G2/M checkpoints, Hedgehog signaling, and Wnt/β-Catenin signaling. There were more genes that were downregulated with age than were upregulated in these pathways. The common program of gene expression was observed in organs of widely differing embryonic origin, specifically, kidney and heart, which are derived from mesoderm, and lung and liver which are derived from endoderm.
We next focused our attention on genes that were up-or downregulated in all three organs and thus more likely to contribute to the putative common program of growth deceleration. We selected 5 genes, Igf2, Mest, Peg3, Sox4, and Igf2bp3, that were markedly downregulated in all three organs for more detailed characterization. First, to better quantify the temporal changes in gene expression identified by microarray, we measured mRNA expression levels by real-time PCR in the same three organs studied by microarray. The real-time PCR results confirmed the marked declines in mRNA expression with age. We also measured mRNA levels in a fourth organ, liver, and found dramatic declines with age, very similar in pattern to the declines found in heart, kidney, and lung, further confirming that this gene expression program is occurring globally in multiple organs. Our findings using real-time PCR are consistent with previous evidence that expression of some of these genes declines postnatally in specific tissues (13, 20, 38, 39) .
We chose to study lung, heart, kidney by microarray, and, in addition, liver by real-time PCR as examples of organs in which proliferation decreases with age, as opposed to other tissues, such as intestinal epithelium, epidermis, and hematopoietic tissue, in which proliferation continues into adulthood. Even in the organs studied, the decline in proliferation rate is not completely uniform. In renal tubular epithelial cells and hepatocytes, proliferation declines with a similar pattern after 2 weeks of age (5) . In cardiomyocytes, earlier studies in rats suggested that proliferation continues beyond 3 weeks of age, though at a decreasing rate (40, 41) . However, more recent studies in rats and mice suggest that proliferation ceases close to the time of birth and is followed by approximately two weeks of binucleation and hypertrophy without cytokinesis (17, 40) . In lung, the decline in proliferation appears to occur earlier than in kidney or liver (41, 42) .
The observed expression patterns may differ in different species. For example, in the human, IGF2 is expressed in many adult tissues, although, at least in kidney and liver, its expression is considerably lower than in fetal tissues (43, 44) . Similarly, in this study, only male rats were studied in order to reduce the number of variables. Consequently, we do not know whether the results generalize to females.
We next used in situ hybridization to determine which cell types in each organ expressed Igf2, Mest, and Peg3 in the 1-weekold mouse. In general, we found expression in organ-specific parenchymal cells. These findings suggest that the coordinate decline in expression in multiple organs is not occurring simply because gene expression is restricted to cells that are common to multiple organs, such as endothelial cells or stromal fibroblasts. Instead, expression of these genes appears to be declining coordinately in multiple different cell types throughout the body, suggesting that a common genetic program is occurring in many tissues simultaneously.
In situ hybridization was next performed in tissues from 4-week-old mice. We had considered the possibility that some cells might continue to show high levels of expression at 4 weeks of age but that the number of these expressing cells might be smaller than at 1 week of age, thus explaining the overall declines in expression observed by microarray and real-time PCR. Such a finding would support the hypothesis that, with age, many cells stop expressing these growth-promoting genes and thus perhaps drop out of the cell cycle, while a dwindling number continue to express these genes and continue to proliferate. However, our findings did not support that hypothesis. Instead, we found that, at 4 weeks of age, mRNA expression was uniformly low for all genes studied in all organs, indicating that the overall decrease in Igf2, Mest, and Peg3 expression was due to decreased expression per cell rather than a decrease in the number of expressing cells.
Igf2, Mest, and Peg3 are particularly good candidates for genes that might be responsible for postnatal growth deceleration. Igf2 encodes an insulin-like growth factor. IGF-II acts primarily in a paracrine fashion, binding to the type1 IGF receptor. The liganded receptor acts as a tyrosine kinase to potently stimulate proliferation in many cell types, in vivo and in vitro (45, 46) . Targeted ablation of Igf2 in mice leads to marked growth retardation with a body mass decreased to 60% of normal at birth. Postnatal growth maintains the body mass at 60% of normal (31, 36) . Thus ablation primarily affects somatic growth in early life, which fits the finding that Igf2 expression occurs only during early life and declines thereafter (32) . Conversely, overexpression of Igf2 in vivo leads to increased somatic growth (47) . Mest encodes a presumptive α/β fold hydrolase, with unknown substrates (48, 49) . Targeted ablation causes embryonic growth retardation associated with reduced postnatal survival rates and abnormal maternal behavior. Conversely, in mouse interspecies hybrids, loss of imprinting of Mest is associated with increased fetal somatic growth (34) . Peg3 encodes a nuclear protein which contains 12 Kruppel-type zinc finger domains and two proline-rich repeat domains, and which is thought to participate in apoptotic pathways. Targeted ablation of Peg3 produces mice with body mass 85% that of wild-type at E17.5, 81% at birth and 65% by 4 weeks of age. The major organs in the mutants, although proportionally smaller, are morphologically normal. These mice also exhibited abnormal maternal behavior (50) . Thus, Igf2, Mest, and Peg3 are each required for normal embryonic growth suggesting that the decline in expression during postnatal life may contribute to postnatal growth deceleration. Three of the genes studied, Mest, Peg3, and Igf2, reportedly belong to the Zac1 imprinted gene network (12) . Based on the expression microarray data described in the current study, we previously showed evidence that many of the genes in this network, including Mest, Peg3, and Igf2, are down-regulated at the mRNA level postnatally (13) . In the current study, we have analyzed the microarray data more globally, and we have also examined representative genes more extensively using in situ hybridization and the hypothyroid model of growth retardation (12, 13) .
In contrast, Sox4 and Igf2bp3 have not been implicated in somatic growth regulation but rather appear to be involved in embryogenesis. Sox4 is a member of the SOX family of transcription factors, which contain an HMG domain (51) . Sox4 is expressed in the mouse embryo in the mesenchyme of the branchial arches, the trachea and esophagus (32, 52) , the nervous system (53) and the embryonic growth plate (54) . Targeted ablation of Sox4 results in embryos that die at E14 of cardiac valvular insufficiency (32) . Sox4 also appears to be required for lymphocyte differentiation (51) , and it also may play a role in chondrogenesis (55) . Igf2bp3 is a member of a family of proteins that bind specific mRNAs including the 5' UTR of Igf2 mRNA. Igf2bp3 seems to be involved in tumorigenesis and embryonic development. Peak expression occurs during mouse embryonic development at E12.5, and decreases thereafter (33) . Thus, Sox4 and Igf2bp3 appear to be involved in embryonic development, and therefore the postnatal declines in expression of these two genes observed in the present study may represent the vestigial remnant of expression of genes that are required during embryogenesis and are downregulated thereafter.
Finally, we sought to determine whether the observed changes in gene expression are a function of time per se or a function of growth. In rats, PTU-induced hypothyroidism and growth retardation during the first 5 weeks of life, delayed the declines in expression of Igf2, Mest, and Peg3, the three genes implicated in growth regulation. These data are consistent with the hypothesis that the normal decline in expression of these genes is driven, not by age per se, but rather by the process of growth, and therefore, a prior period of growth inhibition slows this decline.
However, several issues confound this interpretation. Thyroid hormone has direct and indirect effects on the expression of many genes, and it is possible that these effects may not all reverse when the PTU is discontinued. For example, the thyroid hormone levels may not have fully recovered promptly after discontinuation of PTU. These levels were not measured in the current study, but previous studies using PTU treatment in young rats suggest that some hypothyroidism may persist for weeks after drug discontinuation (8) . Persistent hypothyroidism could therefore have influenced gene expression even at 9 weeks of age, that is, 4 weeks after discontinuation of PTU. However, some of the observed differences in gene expression (for example, Igf2, Mest, and Peg3 in heart and Mest in liver) at 7 and 9 weeks had not been present at 5 weeks when the hypothyroidism was presumably more severe, suggesting that the observed differences at 7 and 9 wk are not simply due to incomplete recovery but rather to the prior history of hypothyroidism. An additional complicating issue is that hypothyroidism might cause impaired lactation or suckling, and thus the observed growth inhibition may have reflected both the direct effects of thyroid hormone deficiency and the indirect effects of malnutrition. Because of these complicating issues, to confirm our hypothesis that the changes in gene expression are driven by growth, it would be important to determine whether growth inhibition caused by conditions other than hypothyroidism also delays the changes in gene expression.
For the genes not implicated in growth regulation, Igf2bp3 and Sox4, hypothyroidism generally did not slow the decline in gene expression. Thus the findings suggest that at least some genes that regulate growth are themselves regulated by growth, whereas the decline in expression of genes not involved in growth regulation may not driven by growth but by age per se, or other developmental processes.
Based on these findings we propose the following model to explain the deceleration and eventual cessation of somatic growth in mammals. In late embryonic and early postnatal life, a network of growth-promoting genes is expressed at high levels. The resulting growth causes the expression of these growth-promoting genes to decline, which in turn slows the rate of growth. Eventually, the expression levels of these growth-promoting genes declines sufficiently to cause somatic growth to cease. If some external condition, such as hypothyroidism transiently restricts growth, then the slow growth will slow the decline in gene expression, thus preserving future growth capacity. Following the period of growth inhibition, the expression levels of the growth-promoting genes will be higher than normal, and consequently the growth rate will be greater than normal. Thus the model provides an explanation for the phenomenon of catch-up growth which is defined as a growth rate that is greater than normal for age following a period of growth inhibition (56, 57) . In this study, we focused on growth-promoting genes that show a decline in expression with age. However, the microarray analysis also identified a smaller number of genes that show an increase in expression with age in multiple organs. Thus, the model should be expanded to include the possibility of growth-inhibiting genes that are expressed at low levels in late embryonic and early postnatal life and then increase over time. Genes that increase in expression and those that decrease in expression may participate in the same networks.
The mechanism by which growth might cause these changes in gene expression is not known. Gene expression and subsequent proliferation might be regulated by biological systems that count prior cell divisions or current cell number. Such systems have been described, but little is known about the underlying cellular mechanisms (58) . At least for one organ, the growth plate, the growth-limiting mechanism appears to be distinct from the mechanisms limiting growth of cultured cells (the Hayflick phenomenon) (59) and does not appear to involve telomere shortening (60) .
The findings in the current study do not exclude the possibility that a systemic mechanism might be responsible for growth deceleration. However, none of the known growth-regulating hormones change in a pattern that would readily explain growth deceleration, and limited prior studies argue against systemic mechanisms (10, 11, 61) .
We conclude that there exists an extensive genetic program occurring during the postnatal period involving upregulation and downregulation of thousands of genes. Of these, some appear to be organ-specific, but many are regulated in a concerted fashion in multiple organs. Some of these common genes regulate cell proliferation and thus may constitute part of the mechanism that causes somatic growth to slow and eventually cease. We found evidence that several of the genes likely to participate in this growth-limiting program, Igf2, Mest, and Peg3, are themselves regulated by growth, suggesting that, in the embryo, a gene expression pattern is established that allows for rapid somatic growth of multiple tissues but then, during postnatal life, this growth leads to negative-feedback changes in gene expression that in turn slow and eventually halt somatic growth, thus imposing a fundamental limit on adult body size. Figure 1 . Venn diagrams showing the number of genes significantly upregulated (A) and downregulated (B) with age in mouse kidney, lung, and heart. RNA was isolated from mouse kidney and lung at 1, 4, and 8 weeks of age and heart at 1 and 4 weeks of age and analyzed by expression microarray to identify temporal changes in gene expression, defined by P < 0.01 (ANOVA).
Figure 2.
Temporal changes in expression of genes participating in specific functional pathways. Microarray analysis was used to evaluate changes in gene expression in lung and kidney of 1-, 4-and 8-wk-old mice and in heart of 1-and 4-wk-old mice. Ingenuity Pathways Analysis software was used to analyze changes in functional pathways as defined by that software package. Changes within a pathway were then visualized using heat maps constructed using JMP software version 7. To depict temporal changes in gene expression, the microarray values for each organ were normalized to the values for the same organ at 1 wk of age. Black rectangles represent no change in gene expression. Green rectangles represent down-regulated genes, and red rectangles represent up-regulated genes compared to 1-wk-old animals. The color intensity corresponds to the magnitude of the change from baseline, expressed as log 2 (value at time point/value at 1 wk). Genes showing significant changes in expression with age (P < 0.05) in all three organs are depicted. The canonical pathways shown here are: G1/S Check Point Regulation, G2/M DNA Damage Check Point Regulation, Sonic Hedgehog signaling, and Wnt/β-Catenin signaling. 35 S -labeled riboprobes. The corresponding sense riboprobe was used as a negative control for each antisense probe. Silver grains were visualized by polarized epifluorescence microscopy combined with bright field microscopy and appear as green fluorescent dots on a hematoxylin-and eosin-stained background: G, glomerulus; V, cardiac valve; M, myocyte. Figure 5 . Effect of hypothyroidism on the decline in gene expression of Igf2, Mest, Peg3, Igf2bp3, and Sox4. Male rats were made hypothyroid by adding propylthiouracil (PTU) to the drinking water of the mother from 1 day until 5 wks of age and then were allowed to recover from the hypothyroidism and from the resulting growth inhibition. Untreated animals (open symbols) served as concurrent controls. For most of the genes, in most organs, mRNA expression declined with age in control animals. Following the treatment period, the animals that had previously received PTU (closed symbols) showed an apparent delay in many of these declines, particularly for Igf2, Mest, and Peg3.
a , effect of age on expression in control animals; b , effect of previous treatment on expression during recovery period (weeks 7-9).
